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We compare two types of tests for measurement of mechanical properties of thin films and small
scale structures: a microtensile test and a thermomechanical fatigue test induced by alternating
current at low frequency and high current density. The microtensile test was used as a reference
for evaluating the feasibility of using the electrical test for measurement of mechanical prop-
erties. Tests were performed on structures cofabricated from thin film Al deposited on Si to
ensure comparable mechanical properties. The films had a grain diameter of 220 nm and a
thickness of 1.9 lm. The electrical test resulted in an estimated ultimate tensile strength of
250 ± 40 MPa. This value was based on extrapolation of high-cycle fatigue data to one reversal
through a modified Basquin equation while accounting for varying mean stress. An ultimate
tensile strength of 239 ± 4 MPa was determined from the microtensile test. Differences between
these values are explained in terms of the effects of substrate constraint on the strength of the
thin film. We conclude that electrical testing methods offer a feasible means for measuring
mechanical properties of individual patterned structures.
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I. INTRODUCTION

RELIABILITY prediction for thin films used in
microelectronic interconnects and microelectromechan-
ical system (MEMS) components has been a challenge
for scientists and engineers for the past several decades.
A significant amount of research has been aimed at
understanding material behavior at small scales, in order
to enable better reliability prediction for design pur-
poses. Early work indicated that materials parameters
such as yield strength, an important input for the
reliable design of components exposed to strains, may
not be extrapolated from bulk materials.[1,2] Later work
confirmed that as film thickness approached the size
scale of the microstructural features of the constituent
film, certain mechanical properties such as hardness and
strength increased for thinner films, while the elastic
properties remained unchanged.[3,4] It is clear that the
interaction between length scales associated with the
thickness and microstructure of a film and the length
scales associated with dislocation plasticity plays a
major role in determining the strength of a particular
film.[4,5]

Methods used for measuring mechanical properties in
bulk materials are typically not suitable for use at
micrometer and nanometer length scales due to diffi-
culty in specimen preparation, specimen handling, and
the application and measurement of loads and dis-
placements. Uniaxial monotonic testing has long been
acknowledged as the primary method for measuring
tensile and cyclic properties of bulk materials. However,
this approach is particularly difficult at the micrometer
and nanometer scales. Initial attempts to perform
uniaxial tensile tests on films (i.e., microtensile tests)
were performed through careful modification of existing
large scale test equipment and methods to grip and
test film specimens tens to hundreds of micrometers
thick.[6,7,8] As film dimensions decreased, new methods
for improved specimen handling and test actuation
were required. Specimens were made more robust by
fabricating them on silicon substrates. In some cases,
the Si supports were removed after specimen grip-
ping,[9,10] and in other cases, the Si remained in place
during actuation.[11] Handling and actuation were
further improved through increasingly complex meth-
ods that progressed from actuation through gripping a
single end of the specimen with a micropositioned
hook,[12] to mounting self-aligning samples on loading
pins.[10,13] In addition, alternate methods for producing
uniaxial strains in specimens through out-of-plane
deflection were introduced.[14,15] Currently, on-chip
actuation requiring no gripping is the state-of-the-art
method for testing.[16]

Displacement measurement and force measurement
have similarly moved from techniques developed for
bulk materials to those designed for the micro- and
nanoscales. Strain measurement is now performed
through any of a number of methods including in-situ
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X-ray diffraction,[17] on-chip displacement gages,[13] and
interferometry.[15] Force can be measured through
standard load cells or through on-chip force sensors.[13]

In combination with the improvements in handling and
actuation, force measurement and displacement mea-
surement improvements have allowed for samples of
sizes down to 100-nm thick by 10-lm long by 2-lm wide
to be tested in unique laboratory systems.

One use of macroscale tensile testing is the evaluation
of the dynamic performance of materials under fatigue
or creep conditions. Fatigue data are often reported for
fully reversed, tension-compression fatigue. At the
microtensile scale, samples rapidly buckle under dimin-
utive compressive loads making fully reversed fatigue
testing difficult. One solution is to attach test films to
elastic substrates, whereby tensile loads and compressive
loads could be applied to test specimens.[18] While this
solution has been highly successful in investigating the
role of film thickness on defect structure development,
questions still remain regarding differences in behavior
between substrate-supported films and free-standing
films under cyclic conditions.

Though increasingly complex methods have been
implemented to investigate thin films with ever-decreas-
ing dimensions via microtensile tests, industry has yet to
fully embrace the method. The primary hindrance to full
acceptance outside the research laboratory setting is the
complex nature of the sample preparation, the test
equipment, and the performance of tests. Alternative
methods to provide mechanical property data have been
developed for use in lieu of or in addition to the
microtensile tests. Wafer curvature,[19] beam bending,[20]

bulge testing,[21] and nanoindentation[22] are among the
most often reported in the literature, and while all have
advantages and limitations, none of these tests are as
unambiguous as the microtensile test. In addition, most
of these test methods are limited to the determination of
properties from blanket thin films that are dissimilar to
relevant interconnect line structures and MEMS/NEMS
structures of interest. Only nanoindentation and micro-
tensile testing have the ability to test individual pat-
terned structures.

The a.c. thermomechanical technique (AC) was first
related to mechanical fatigue by Philofsky et al.,[23] and
later developed further by Keller et al.[24] In principle,
the test method had many of the desired aspects of wafer
curvature testing, beam bend testing, and microtensile
testing, while also offering the potential for determining
the fatigue properties of individual patterned structures
and buried structures through simple electrical contact.
Drawbacks include variable temperature induced in the
lines during the test and the inability to measure stress.
Further, questions remain regarding how the mecha-
nisms active in this test relate to fatigue and thermome-
chanical fatigue in thin films.

The microtensile testing technique (MT) has been
shown to be a primary method for the determination of
the elastic and plastic properties of freestanding thin
films.[12] A comparison of results determined from this
reference technique to the results obtained from the AC
demonstrate the ability of the electrical technique to
estimate mechanical properties.

One relation that has been shown to correlate fatigue
lifetime data and monotonic tensile properties is the
Basquin equation:

ra ¼ r
0

f 2Nf
� �b ½1�

which relates the stress amplitude ra to the number of
reversals to failure Nf through the fatigue strength
coefficient r¢

f and the fatigue strength exponent b. The
relationship between cyclic properties and monotonic
properties becomes clear upon realization that the
fatigue strength coefficient is to a good approximation
equal to the true fracture strength found in a monotonic
tension test.[25] When necking is taken into consider-
ation, the Basquin strength coefficient can also be
related to the ultimate tensile strength.
In this work, we demonstrate a measurement ap-

proach to obtain the ultimate tensile strength by means
of an a.c.-driven electrical technique and compare the
results with those obtained through a microtensile
technique.

II. EXPERIMENTAL PROCEDURE

A. Specimens

The AC and MT specimens were fabricated using
conventional microelectronics cleanroom techniques.
Samples were thermally evaporated from 99.999 pct
pure Al wire. The material for all AC and MT samples
tested in this work was deposited onto one single-side
polished wafer during the same deposition step. The Al
was then patterned with subtractive lithography and
individual dies were removed from the wafer using a
high-speed dicing saw. Following dicing, individual dies
were cleaned and the MT samples were subjected to an
additional XeF2 etching step to release the metal
structures. Comparable samples, with constant grain
size and thickness, were assured through simultaneous
processing. Table I summarizes sample dimensions and
grain diameters. Thickness was measured with a prof-
ilometer. Specimen widths, grain diameter, and crystal-
lographic orientations were measured with a scanning
electron microscope (SEM) equipped with electron
backscatter diffraction (EBSD). Specimen lengths were
determined through light optical microscopy (LOM).

B. Microtensile Testing

Microtensile tests were performed with a fixed-end
and hook style setup, as previously described else-
where.[12] Alignment and sample straining were observed
through a LOM mounted on an electrical probe station
with a stage allowing for sample rotation as well as
independent x, y, and z translations. The samples, the
fabrication of which is described subsequently, were
arranged on a die in an 8 · 4 array and were nominally
200-lm long, 10-lm wide, and 1.8-lm thick, as shown in
Fig. 1. For testing, the sample die was affixed to a stub
with silver paste and the stub was mechanically
clamped into the specimen stage. Rotational loading
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axis alignment was manually performed and then fixed
for a particular die. The tethers, which provide sample
stability during the final etch step, were severed prior to
testing by means of mechanical shearing via the actua-
tion hook. An inchworm piezoelectric three-axis micro-
manipulator was used to engage the hook in the sample
pull hole and apply tension. The tungsten actuation hook
was affixed on the load cell, which consists of an eddy-
current displacement sensor and two steel flexure strips.
The micromanipulator was controlled by custom soft-
ware, which records displacements and loads and sends a
timing signal to the image capture software controlling
the camera mounted on the LOM. A schematic of the
load cell and pull hook is shown in Fig. 2. Microtensile
tests were run to specimen failure after the inclusion of
several intermittent unloading steps in order to obtain
the elastic modulus from the unloading curve.

Six MT samples were strained to failure at a displace-
ment rate of 13 lm/min. Strain was determined through
digital image correlation,[12,26] which used images cap-
tured at 3-second intervals during testing. Figure 1
shows the region imaged during testing as well as marker
flags located at each end of the gage section. The marker
flags were used for displacement measurements during
the post-test analysis. A 250-nm pixel size combined
with a relative displacement resolution of 0.02 pixels
defined the minimum strain resolution to be 5 nm or 25
microstrain on a sample with a 200-lm gage length.

Stress was calculated from the instantaneous load
and initial cross-sectional area. A stress resolution of

30 MPa was determined by combining the 30 lN force
resolution[12] with the 1 lm2 uncertainty in cross-sec-
tional area. Film thickness was measured with a mechan-
ical profilometer capable of 5-nm resolution. Sample
width was measured with a scanning electron microscope
calibrated to be within 5 pct of the true magnification
value. Fig. 3 shows the sidewall profile of a specimen to
be curved, an artifact of the subtractive patterning
process. The full-width at half-maximum sample height
was used to account for the curved specimen sidewalls in
the calculation of cross-sectional areas.

Table I. Sample Geometries and Grain Sizes: the Thickness was Determined through Profilometry, the Widths Were Determined

through SEM Imaging, the Lengths Were Determined through LOM Imaging, and the Grain Diameter Was Determined through

Automated EBSD Analysis

Specimen type Thickness (lm) Width (lm) Length (lm) Grain Diameter (nm)

MT—as deposited 1.853 ± 0.006 14.9 ± 0.7 186.7 ± 0.2 220
AC—as deposited 1.853 ± 0.006 5.7 ± 0.3 398.2 ± 0.4 220

Fig. 1—Individual microtensile sample showing the gage section and
image correlation flags on the left side of the image, the round pull
hole in the center of the image, and the three tethers on the top,
middle, and right sides of the image. Prior to testing, the tethers are
removed mechanically. The rough area underneath the sample is the
Si wafer, which has been etched to a depth of approximately 100 lm
through a gaseous XeF2 process. The secondary electron image was
taken at an accelerating voltage of 15 kV.

Fig. 2—Schematic depicting the actuation hook and load cell of the
microtensile test system.

Fig. 3—Typical sidewall profile formed through subtractive pattern-
ing during fabrication. The secondary electron image was taken at
an accelerating voltage of 15 kV and a tilt of 85 deg.
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C. AC Testing

The AC tests were performed in a system capable of
application of a sinusoidal current of a predetermined
current density through a line while at the same time
monitoring changes in line resistance. The sinusoidal
current density was applied at a frequency of 100 Hz,
causing 200 Hz power cycles and therefore 200 Hz
temperature cycles. Lifetime data were generated by
contacting a sample with the four-point probe system
and then applying a current until the resistance of the
sample indicated open circuit. The use of a 100 Hz
frequency allows for a high number of cycles in a short
amount of time, but does not approach the maximum
effective test frequency, which is limited by the efficiency
of heat transfer out of the interconnect.[27] Strains in the
sample are determined by the mismatch in the coefficient
of thermal expansion (CTE) experienced between the
metal line (aAl = 23.1 · 10)6 �C)1) and the silicon
substrate (aSi = 2.6 · 10)6 �C)1). Control of the im-
posed strains was accomplished by varying the current
density. The cyclic strain range (De) due to thermal
expansion mismatch (Da) is defined as

De ¼ DaDT ½2�
where DT is the cyclic temperature excursion. The
temperature in our test lines was determined by use of
four-point resistivity measurements through the relation

R Tð Þ ¼ R0 þ DT
dq
dT

� �
L
A

� �
½3�

where R0 is the initial resistance measured at a known
temperature, dq/dT is the change in resistivity with
temperature, L is the line length, and A is the cross-
sectional area of the line. Equation [3] assumes Matthe-
issen’s rule applies. A dq/dT of 0.01134 lW cm/�C for Al
was used in this work.[28] The fatigue life curve was
determined by applying a number of different current
amplitudes while monitoring resistance to determine the
number of cycles to open circuit. The uncertainty in the
ability to measure the root mean square (RMS) resis-
tance value was determined to be ±0.04 W RMS.

Tests were performed with the chuck temperature of
the probe station held at a constant 20 �C. Chuck
temperature uncertainty is estimated to be 0.5 �C. The
RMS current densities were between 11.65 and
12.3 MA/cm2. Uncertainty in the measurement of
RMS current was determined to be ±0.05 mA. Resis-
tance measurements were made through a four-point
contact method where a known current was passed
through a line and the voltage was monitored. Stress
amplitudes were determined from strain amplitudes,
based on measured line temperatures and moduli of
elasticity.

III. RESULTS

Figure 4 shows the stress-strain curves constructed
with the data acquired from the microtensile tests.
Uncertainties in the modulus of elasticity, 0.2 pct offset

yield stress, and ultimate tensile strength measured by
monotonic uniaxial tests were all less than 10 pct of the
measured values. The relative uncertainty in the mea-
surement of the average elongation at failure was slightly
higher at 13 pct. Though the strain uncertainty at any
data point remains constant throughout a test, an
increase in the strain interval between data points at
higher strains can be seen in Fig. 4. The variation in the
strain interval is due to the nonrigid (compliant) load
train used. Early in the test, displacement imposed at the
actuator is accommodated by several load train members
outside of the gage section as well as by the gage section.
As testing proceeds, the gage section yields but the rest of
the load train does not, so larger percentages of the total
imposed displacement are accommodated by the gage
section resulting in larger strain intervals per unit time.
Failure in all cases occurred at less than 6 pct elonga-

tion with an average elongation at failure equal to
4.6 ± 0.6 pct. The modulus of elasticity as calculated
from the unloading curves was determined to be
68 ± 6 GPa. An example of an intermediate unloading
curve from which the elastic modulus was calculated may
be seen in the test 2 data shown in Fig. 4 at a strain of
approximately 1.25 pct. Intermediate unloading data for
the other tests is difficult to distinguish in Fig. 4 as they
occur at less than 1 pct strain. The 0.2 pct offset yield
stress was calculated to be 140 ± 10 MPa, and the
ultimate tensile strength was calculated at 239 ± 4 MPa.
A typical fracture of the MT samples can be seen in

Fig. 5. The fracture occurred obliquely, traversing the
sample. From the image, there appears to be a signif-
icant amount of localized plasticity within 1 to 2 lm of
the fracture edge and limited necking prior to failure.
Residual stress due to deposition without substrate

cooling was estimated to be 240 MPa, consistent with
literature values measured for Al films.[29,30] An S-N
curve determined through the AC method is shown in
Fig. 6. A Basquin power-law fit yielded a fatigue
strength coefficient of 350 ± 60 MPa and a fatigue

Fig. 4—Stress-strain data for six microtensile tests showing the
reproducibility of the test. The dashed line shows the calculated
modulus at a 0.2 pct strain offset.
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exponent of )0.10 ± 0.02. The mean stress (rm) is
defined as

rm ¼
rmax þ rmin

2
½4�

where rmax is the maximum stress and rmin is the
minimum stress in one cycle, measured in the AC
tests. The term rm is shown in Fig. 6 to increase with
decreasing stress amplitude. The inverse relationship
between the mean stress and stress amplitude is a con-
sequence of the experimental technique. Namely, from
an initial state of residual tension, heating reduces the
stress, so less heating (lower current density) implies
higher mean stress.

IV. DISCUSSION

The modulus of bulk Al is reported to be 70.6 GPa,[31]

which falls within the 95 pct confidence interval deter-
mined for the measured value of 68 ± 6 GPa. This
result is not surprising because the modulus of a
material is dependent on the atomic bond properties,
which have not been shown to change at the length scale
of interest. Previously, the modulus of elasticity has
proven difficult to accurately measure with measured
values often as much as 20 pct lower than the literature
value for the modulus of elasticity.[32,33] The accurate
measurement of the bulk modulus of elasticity assures
confidence in sample preparation and measurement of
further monotonic properties.

Using fatigue testing to determine monotonic prop-
erties such as ultimate tensile strength is a nonconven-
tional approach. If a comparison between cyclic and
monotonic properties is made, it is typically monotonic
properties that are used to estimate cyclic properties.
However, we are attempting the opposite. Extensive
work has been reported regarding the estimation of

fatigue life data from monotonic tests[34] as well as from
limited fatigue data.[35] A starting point for analysis of
cyclic deformation with elastic strain amplitudes is the
use of a power-law fit as applied to the AC data in
Fig. 6. This fit is typical of the Basquin relation [1],
which was developed to characterize the lifetime prop-
erties of fully reversed cyclic loading in the elastic
regime. The goal of this work is to relate the ultimate
tensile strength determined from aMT test to the fatigue
strength coefficient determined through AC tests. The
fatigue strength coefficient has been correlated to the
true fracture stress,[36] which is defined as the load at
fracture divided by the instantaneous cross-sectional
area. A plot showing data relating the fatigue strength
coefficient to the true fracture strength in 47 materials
may be found in Fig. 7.
In the case of the MT samples, very little necking was

observed in the test specimen (Fig. 5). Further, a distinct
maximum followed by reduction in engineering stress
was not indicated in the stress-strain curves (Fig. 4).
This allows for the substitution of the ultimate tensile
strength as the true fracture stress in the original
Basquin relation (Eq. [1]). With these assumptions, the
electrically measured fatigue strength coefficient of
350 ± 60 MPa gives a first estimate of the ultimate
strength. It is clear that this value grossly exceeds the
value of 239 ± 4 MPa as determined by microtensile
testing. Thin-film yield strengths have been shown to be
over 100 MPa larger than those found in their bulk
counterparts due to some combination of substrate
constraint and the small grain sizes in the films;[5,37]

Fig. 5—A typical microtensile sample fracture. Localized necking
appears to be confined to a 1- to 2-lm region local to the fracture
surface. In samples where limited necking occurs, the true fracture
strength and the ultimate tensile strength are approximately equal.
The secondary electron image was taken at an accelerating voltage
of 5 kV. The viewing direction is normal to the film surface.

Fig. 6—An S-N plot for electrical AC tests showing the stress ampli-
tude ra and mean stress rm as functions of cycles. The equation
relating stress amplitude to cycle number was determined by per-
forming a power-law nonlinear regression. The power-law equation
was of the form used by the Basquin equation to describe fully re-
versed cyclic deformation in the elastic stress amplitude range. Due
to an experimental idiosyncrasy, the mean stress in this experiment
increases with decreasing stress amplitudes.
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however, in this case, the grain size is the same in the
MT and AC samples leaving the substrate constraint
alone to account for differences in strength levels.

The effect of substrate constraint alone is insufficient,
however, for accounting for the total discrepancy
between the electrical result and the mechanical result.
Electrical tests of fatigue, as conducted here, contain a
significant nonzero mean stress, which must be consid-
ered during use of the Basquin relation. It is known that
tensile mean stresses during cyclic deformation reduce
lifetime in most materials from the lifetime determined
by fully reversed tests.[36,38] Several methods have been
developed to account for this. In one approach, Mor-
row[39] suggests incorporation of the mean stress into the
original Basquin equation:

ra ¼ r
0

f � rm

� �
2Nf
� �b ½5�

From Eq. [1], the intercept of a log-log plot of the
stress amplitude vs cycles to failure is equal to the
fatigue strength coefficient. The intercept of such a plot
constructed from Eq. [5] is a combination of the mean
stress and the fatigue strength coefficient. If a mean
stress from the data in Fig. 6 can be estimated, it may
then be used to determine a fatigue strength coefficient
that is closer to the ultimate tensile strength determined
in the MT tests.

Due to the nature of the experimental setup, not only
is a mean stress present, but it is a nonconstant mean
stress, increasing with decreasing stress amplitude. In

order to better understand the generation of the varying
mean stress, it is useful to re-examine the nature of the
AC test. As previously mentioned, the maximum tensile
stress sustained by the film is equal to the residual
thermal stress rr developed during and after processing.
In Figure 8, this stress is denoted by the dashed line. As
a sinusoidal current with a constant RMS value is
passed through the sample, the stress cycles between two
fixed values. Fig. 8 is a schematic depicting three
different RMS sinusoidal currents after having reached
steady state. The smallest current density produces
cycles that alternate between the initial stress and some
smaller stress value. This case has the smallest stress
amplitude but the largest mean stress. By increasing the
amplitude of the stress cycling, through an increase in
the RMS current density, the peak stress no longer
reaches the initial stress value. This change in peak stress
is due to increases in the steady-state chip temperature
due to the dissipation of the joule heat of the line. This
increase in chip temperature is the cause for the shift in
mean stress shown in Fig. 6.
Schematically, Fig. 9 shows the effect of increasing

mean stress (decreasing current density) on fatigue
lifetime curves. The figure shows a series of hypothetical
fatigue life curves (dashed lines) for cyclic loading in the
elastic range. The S-N curves shift to lower stress
amplitudes as mean stress increases (current density
decreases). The topmost schematic curve is the case of
fully reversed loading (mean stress equal to zero),

Fig. 7—The fatigue strength coefficient rf¢ plotted vs the true frac-
ture strength rf of selected steels, aluminum alloys, and titanium
alloys.[40] The fatigue strength coefficients were determined through
the Basquin equation used to fit fully reversed fatigue, and the true
fracture strengths were determined through monotonic tensile tests.
The dashed line represents the case where the fatigue strength coeffi-
cient is equal to the true fracture strength. The high percentage of
data points in close proximity to the line demonstrates the correla-
tion between the two values.

Fig. 8—A schematic showing the effect of increasing current density
on the resulting steady-state stress cycling during testing. The maxi-
mum test stress is the initial stress denoted by the dashed horizon-
tal line. The initial stress may only be increased by lowering the
initial chip temperature, assuming that the film stress is not at the
maximum sustainable stress. At small current densities, the stress in
the sample is driven in the compressive direction by the increasing
line temperature, finally reaching a minimum value of stress before
returning to the initial stress. As the current density increases, not
only is the stress amplitude increased, but the peak stress no longer
returns to the initial stress due to heat dissipation from the line
into the chip. Both of these processes effectively reduce the mean
stress.
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possibly under conditions of very high current density
and substrate cooling. As the mean stress increases, the
stress intercepts are shifted downward. The variable
mean stress curve, indicated by the solid dark line,
shows an effect that changing chip temperature neces-
sarily introduces during cycling at different current
densities. As the mean stress is reduced at higher current
densities throughout the course of determining one S-N
curve, the fatigue strength coefficient and exponent
dynamically change, requiring a modified approach to
extrapolating the final strength coefficient at one load
reversal.

Fig. 9 depicts a key fundamental difference between
mechanical tests and the electrically induced fatigue tests
described in this work. In the electrically induced test,
the mean stress and stress amplitude are necessarily
inversely coupled, because there was no active control of
substrate temperature. This coupling is not present in
mechanical fatigue testing. It can be eliminated in an
electrical test through substrate cooling controlled by a
feedback loop designed to maintain either a constant
mean or maximum temperature.

A nonlinear regression technique was used to deter-
mine the fatigue strength coefficient and exponent from
Eq. [5] in combination with the fatigue amplitude and
cycles to failure data while accounting for the varying
mean stress. A fatigue strength coefficient of
250 ± 40 MPa and a fatigue strength exponent of
)0.03 ± 0.02 were determined through this method.
In Fig. 10, the solid line shows the modified Basquin
equation for the case of zero mean stress using the
parameters determined through the regression. The
dashed lines show the cases of the modified Basquin
equation with constant mean stresses of 42, 71, and
102 MPa. In each case, proximity of the dashed curves

to the stress amplitude data point determined under the
same mean stress conditions displays the ability of the
model to capture the dependence of lifetime on fatigue
amplitude and mean stress. A comparison of Fig. 10 to
Fig. 9 will show that the analysis produced results
consistent with the experiment description.
The experimentally determined best estimate fatigue

strength coefficient (ultimate tensile strength) of
250 ± 40 MPa found through the modified analysis
falls within the 95 pct confidence interval,
239 ± 4 MPa, determined for the MT ultimate tensile
strength value. The electrically determined value is
slightly higher, but any differences may be accounted
for by substrate constraint strengthening. In contrast,
the best estimate fatigue strength exponent lies outside
the range of )0.05 to )0.12 typical of most metals. The
lowest value of the 95 pct confidence interval overlaps
the ‘‘rule-of-thumb’’ range, but the 67 pct uncertainty is
cause for some concern. As the mechanisms underlying
the deformation are not yet fully understood, further
experiments are required to understand the source of
uncertainty.

V. CONCLUSIONS

Through an electrically driven thermal cycling
approach, and a data analysis procedure that considers
the effect of mean stress on fatigue lifetime, we have
estimated the ultimate tensile strength of an Al thin film

Fig. 9—An S-N schematic of the effect of decreasing mean stress
with increasing current density, where ra is the stress amplitude and
2Nf is the number of cycles to failure. The parallel dashed lines show
the influence of increasing mean stress on fatigue life curves with
constant mean stress derived from Eq. [5]. The topmost dashed line
is the case of fully reversed fatigue. The solid line is representative of
the test data, which have a mean stress that increases with decreas-
ing stress amplitude. Data are limited to the region beyond 104

cycles because this is typically considered to be the region where
Basquin-type equations are valid; the short dashes show the effect of
mean stress on the intercept of the curves.

Fig. 10—Results of the data analysis on an S-N plot for electrical
AC tests showing the stress amplitude ra and mean stress rm as
functions of cycles to failure 2Nf. The solid line is the result of the
nonlinear regression of stress amplitude as a function of mean stress
and cycles to failure and represents the curve for fully reversed fati-
gue. The dashed lines represent curves determined for the mean
stress values 42, 71, and 102 MPa. The lines graphically show the
ability of the analysis technique to capture the dependence of stress
amplitude on mean stress and cycles to failure through their proxim-
ity to data points with mean stresses of the same level.
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to be 250 ± 40 MPa, which compares to a value of
239 ± 4 MPa as determined through microtensile test-
ing. This is the first report of an ultimate tensile strength
derived from an electrically driven fatigue test for thin
films. The effects of residual tensile stress in the
specimen films, the effective temperature of the speci-
men, and the strengthening due to substrate constraint
require further exploration. The small 5 pct error
between strength results determined from the two test
types indicates that the electrically driven test may be a
useful means of obtaining strength values normally
measured in monotonic tests.
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